Background: Spatial learning deficits are observed in R6/2 mice, a transgenic mouse model of Huntington's Disease (HD). Spatial learning is a hippocampal-dependent process, and impairment of memory is thought to be due, at least in part, to structural changes such as loss of dendritic spines. Objective: To analyse dendritic spines in the hippocampus of R6/2 mice to determine if there are changes that correlate with the hippocampal dysfunction observed in these mice. Methods: A double transgenic cross between R6/2 mice and a reporter line (YFP-H) of mice that express yellow fluorescent protein (YFP) in a subset of their neurons was used. This allowed us to visualise dendritic spines in the brains of R6/2 mice directly. Results: Clear differences were seen in the distribution of YFP in the hippocampal formation of wild-type (WT)-YFP-H and R6/2-YFP-H mice, particularly in the CA1 region. We quantified dendritic spine density and dendritic spine length in the apical dendrites of the CA1 hippocampal neurons. A significant reduction in dendritic spine density, and a concomitant increase in dendritic spine length was observed in R6/2-YFP-H mice compared to WT-YFP-H mice. Conclusion: The R6/2-YFP-H mouse is a useful tool for directly visualising dendritic spines in the brain of a Huntington's disease mouse model. The changes we observed in dendritic spine density and length in the hippocampus might contribute to the synaptic plasticity deficits and behavioural alteration of impaired spatial learning seen in R6/2 mice.
INTRODUCTION
Huntington's disease (HD) is an autosomal dominant progressive neurodegenerative disorder that is characterised by motor, cognitive, and emotional mouse hippocampus [7] . It has been shown in cultured hippocampal neurons that dendritic spines in proximity to huntingtin (htt) protein aggregates are lost because of a functional defect in local endosomal recycling [8] , and that striatal excitatory synapses are significantly reduced in YAC128 mice [9] . Changes in spine density or spine length are thought to represent a morphological correlate of altered brain functions associated with learning and memory [10] . LTP is associated with increased spine densities [11] and with the formation of new synapses [12] . Interestingly, the pronounced neurological phenotype that is observed in the R6/2 mouse occurs largely in the absence of neurodegeneration [2] , suggesting that neuronal loss may be secondary to neuronal dysfunction. This may also be the case in the early stages of the human disease, since both motor [13, 14] and cognitive deficits [15, 16] can be detected in patients before neurodegenerative changes are seen. It therefore seems possible that some of the cognitive symptoms in HD are caused by changes in dendritic spine density and length in the hippocampus prior to neuronal cell death.
Here we crossed R6/2 mice with a reporter line (YFP-H) that expresses YFP in a subset of neurons [17] . This provided a Golgi-like vital stain, allowing a detailed analysis of neuronal morphology at the spine level [17] . We investigated dendritic spine density, dendritic spine morphology, and dendritic spine length in the apical CA1 dendrites of R6/2-YFP-H mice.
MATERIALS AND METHODS

Animals
All experiments were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986. R6/2 mice used in this study were obtained from colonies maintained in the Department of Pharmacology, University of Cambridge (Cambridge, UK). YFP-H mice [17] were originally obtained from Jackson Laboratories, USA. Mice had a mixed genetic background [C57BL6J × (CBA × C57BL6 F1)]. Maintenance was by backcrossing onto CBA × C57BL6 F1 female mice. All mice were housed in hard-bottomed polypropylene cages on a 12 hour light/dark cycle, maintained at 21-23 • C, 55 ± 10% humidity, and were provided with 8/10 grade corncob bedding, and shredded paper nesting material. All animals were given ad libitum access to water and standard dry laboratory food. Tail biopsy was performed at 3 weeks for the purpose of genotyping [18] . Mating of male R6/2 mice with YFP-positive female mice created R6/2-YFP-H double transgenic mice. Four R6/2-YFP-H mice and three WT littermates were used. Animals were killed at 20 weeks of age, at which stage they were symptomatic, and approximately 4 weeks from end-stage. The R6/2-YFP-H mice had a CAG repeat length of 157 ± 3 (mean ± SEM).
Tissue preparation
All animals were perfused transcardially with 4% paraformaldehyde in 100 mM phosphate buffered saline. Brains were cryo-protected in 30% sucrose solution, and 60 m coronal sections were cut. These sections were counter-stained with Hoechst 33258 (Sigma), and mounted in ProLong Gold (Molecular Probes, UK).
Imaging
All brightfield and epi-fluorescence images were captured using a Nikon Eclipse TE2000-S inverted microscope with a Nikon DXM 1200 digital camera (Nikon Instruments, Yokohama, Japan). Confocal images were captured using a Leica DM IRE2 inverted microscope (Leica Microsystems, Heidelberg, Germany) with an 80 m working distance 63×/1.4-numerical aperture oil-immersion objective. The LASER was set to an excitation wavelength of 514 nm. Images were typically collected at a resolution of 1024 × 1024 pixels and averaged over two lines. Where stacks of z sections were collected for gross hippocampal morphology, the final magnification was 63× and the scanning step size was 1.14 m. Where stacks of z sections were collected for quantification of dendritic spine density and dendritic spine length, the final magnification was 504× and the scanning step size 0.12 m. Maximum intensity projections (MIP) of stacks of z sections were produced using the software ImageJ [19] .
Dendritic spine analysis
Spines on the apical dendrites of CA1 pyramidal neurons were examined. For quantification of dendritic spine density and dendritic spine length, 10 m long segments of apical CA1 dendrites were randomly chosen for analysis. Dendritic spines projecting to the sides of dendrites were counted, and their morphology classified, from MIP images. Dendritic spines lying above and below dendrites could not be analysed from MIP images as they were obscured by the fluorescence from the dendrite. They were therefore counted and classified from the individual images within the stacks in which they were visible. Spines were subclassified into one of five morphologies (mushroom-shaped, stubby, cup-shaped, thin, and filopodia) according to the classification described in [20] . Mushroom, thin, and stubby morphologies were assigned based on the ratio of spine head diameter (h) to spine neck diameter (n) according to the following criteria: mushroom: h > 2n, thin: h < 2n, stubby: h < n [21] . All spines were counted on 135 dendrite segments from three WT-YFP-H mice (45 dendrite segments per animal; 3111 spines in total), and 180 dendrite segments from four R6/2-YFP-H mice (45 dendrite segments per animal; 2688 spines in total). Dendritic spine analysis was conducted blind to mouse genotype from randomly selected coded MIP images. Data are expressed as mean ± standard error of the mean. Spine lengths were measured using the software ImageJ [19] . Spine lengths were measured from the shaft of the dendrite to the tip of the spine head. Only the length of mushroom shaped spines was measured.
Statistical analysis
The data were assessed by two-tailed unpaired ttests. N was the number of animals in each group. Statistical analysis was performed using GraphPad Prism version 3.02 for Windows (GraphPad Software, San Diego, CA). A critical value for significance of P < 0.05 was used throughout the study.
RESULTS
Gross morphological analysis of brains from WT-YFP-H and R6/2-YFP-H mice
The global pattern of YFP expression was similar in WT-YFP-H mice and R6/2-YFP-H mice (Fig. 1) , although as expected [2, 22] the brains of R6/2-YFP-H mice were smaller than those of WT-YFP-H mice. We originally planned to look at spines in the striatum, but YFP was not expressed in a number of brain regions, including the striatum. The striatum would otherwise have been an area of great interest as spine changes in striatal dendrites have previously been reported [23] . In the brain regions in which YFP was expressed, there was no consistent difference in the level of expression between WT-YFP-H and R6/2-YFP-H mice except in the hippocampus (Fig. 1) . In the hippocampus of R6/2-YFP-H mice, levels of YFP were qualitatively lower in the CA1 hippocampal field, and higher in the dentate gyrus when compared with WT-YFP-H mice (Fig. 1A, B) . High magnification confocal microscopy images of the hippocampal formation of R6/2-YFP-H and WT-YFP-H mice confirmed this finding (Fig. 1C,  D) . Anti-ubiquitin immunocytochemistry revealed that inclusions were present in the CA1 neurons of R6/2-YFP-H mice, but not in the CA1 neurons of WT-YFP-H mice (data not shown).
R6/2-YFP-H mice have reduced hippocampal spine density and increased hippocampal spine length
We wondered if the changes in the CA1 hippocampal field were due to changes in spine density. Therefore we quantified dendritic spine density and dendritic spine length in the apical CA1 dendrites of WT-YFP-H and R6/2-YFP-H mice. Examples of 10 m apical CA1 dendrite segments from WT-YFP-H and R6/2-YFP-H mice shown in Figs. 2A-B illustrate the appearance of spines, the variability of the spine density, and the range of dendrite diameters examined. Using the confocal microscope we followed neurons from soma to dendrite, and found no evidence of areas of defective filling of dendrites with YFP. The morphological classification of dendritic spines employed is shown in Fig. 2C . There was a significant decrease in spine density in R6/2-YFP-H mice when only mushroomshaped spines were considered (P < 0.01, Fig. 3 ) and when all spines were considered (P < 0.05, Fig. 3 ). There was no significant difference in spine density between R6/2-YFP-H and WT-YFP-H mice when only filopodia, thin, stubby, or cup-shaped spines were considered (Fig. 3) . This indicates that the overall decrease in spine density in R6/2-YFP-H mice was mainly due to a decrease in the density of mushroomshaped spines. There was a significant increase in mean spine length in R6/2-YFP-H mouse brains (0.83 m ± 0.011 m, N = 966) compared to those seen in WT-YFP-H brains (0.67 m ± 0.0085 m, N = 1276, P < 0.01) (see Fig. 1G, H) . The mean diameters of the dendrite segments used for quantifying spines were not significantly different between the WT-YFP-H (1.1 m ± 0.066 m, N = 135) and R6/2-YFP-H (1.0 m ± 0.052 m, N = 180, P = 0.22) groups. Although we classified spines according to the criteria already set out [20] , certain morphologies have been proposed to be characteristic of 'immature' spines, and certain others to be characteristic of 'mature' spines [24] . The increased spine length we observed in R6/2-YFP-H mice is characteristic of immature spines [24] . Filopodia, in particular long filopodia, are also thought to represent immature spines [24] . We did not have sufficient data for a meaningful statistical analysis of filopodia between R6/2-YFP-H and WT-YFP-H mice. A qualitative impression of the spines encountered in the present study, how- ever, is that immature morphologies such as very long filopodia are seen more often in R6/2-YFP-H mice than in WT-YFP-H mice (Fig. 2D ).
DISCUSSION
Here we used an R6/2-YFP-H double transgenic mouse model of HD to quantify dendritic spine density and dendritic spine length in the apical dendrites of the CA1 hippocampal field. We had originally intended to study this in the striatum, but YFP was not expressed in the striatum of these mice. We therefore focussed on the hippocampal formation as YFP was expressed in this region, and hippocampal deficits have been reported in R6/2 mice. For a recent review, see [36] . We found that YFP intensity is selectively altered in the hippocampal formation of R6/2-YFP-H mice, and that this is associated with a significant reduction in dendritic spine density in the apical CA1 dendrites, where dysfunctional synaptic plasticity has been observed [7, 25] . Reduced dendritic spine density has previously been reported in striatal neurons from a number of HD mouse models, including the R6/2 model [23, 24, 26, 27] and in human HD [28, 29] . Dendritic spine density has also been found to be reduced in cortical pyramidal neurons of R6/1 mice [21] , although a study of prefrontal pyramidal cortical neurons from human HD patients found no difference in dendritic spine density between cases and controls [30] . An important question that remains to be answered is whether changes in spine density contribute to the neurological disturbances that characterise HD. In cultured hippocampal neurons dendritic spines are lost in the proximity of htt aggregates, and preventing this spine loss leads to rescue of neurodegeneration [8] .
We did not analyse dendritic spines in the dendate gyrus of R6/2-YFP-H mice, but did observe an increased YFP signal from this region compared to WT-YFP-H mice. Altered synaptic plasticity has been reported in the dentate gyrus of R6/2 mice [7] , and it is possible that the increased YFP signal from this region in R6/2-YFP-H mice represents increased spine density. There is evidence that striatal neurons in HD model mice are prone to hyperexcitability and excitotoxicity [31, 32] , and so it is possible that the changes we observe in CA1 spine density are beneficial compensatory changes in response to hyperexcitability elsewhere in the hippocampal circuit. Consistent with this hypothesis, CA1 neurons from R6/2 mice have previously been found to be resistant to excitotoxic cell death [33] . Setting the changes we have found into the wider context of hippocampal circuitry is an interesting avenue for future work.
A significant increase in the length of mushroomshaped dendritic spines of CA1 pyramidal neurons was found in R6/2-YFP-H mice relative to WT-YFP-H mice. This was unexpected, as reduced dendritic spine length has previously been reported in striatal medium spiny neurons and cortical pyramidal neurons of HD model mice [23, 24] . In other trinucleotide repeat disorders such as fragile-X mental retardation syndrome, however, an increase in dendritic spine length has been found [24] . It is possible that the spines with increased length seen in R6/2 mice represent immature spines. Synaptic activity is known to be a critical regulator of dendritic spine morphology [34] , and during synaptic strengthening spines undergo a transition from appearing long and thin to becoming mushroom-shaped [24] . The increase in spine length we observed may be a correlate of synaptic dysfunction and reduced synaptic plasticity that occurs in human HD and in mouse models of HD [35] .
ACKNOWLEDGMENTS
We thank Wendy Leavens and Zhiguang Zheng for excellent technical support. This work was funded in part by CHDI Inc.
